The Clostridium stercorarium F-9 xyl43B gene encoding the -xylosidase Xyl43B consists of an open reading frame of 1,491 nucleotides that encodes a putative protein, classified in family 43, of 497 amino acids with a predicted molecular weight of 56,355. The deduced amino acid sequence of Xyl43B has sequence similarity with -xylosidases from Bacteriodes thetaiotaomicron (57% sequence identity), Prevotella ruminicola (45%), Streptomyces coelicolor (40%), and Clostridium acetobutylicum (36%), all of which have been classified in family 43 of the glycoside hydrolases. Xyl43B was purified from a recombinant Escherichia coli and characterized. The optimum pH of the purified enzyme was 3.5 and it was stable over pH from 3.0 to 8.0. Its optimum temperature was 80 C and it showed thermostability in the temperature range from 50 to 70 C. Xyl43B had a K m of 6.2 mM and a V max of 15 mol min
Plant cell walls are composed of three major polymeric constituents: (i) cellulose, an insoluble polymer composed of -D-glucopyranosyl residues linked by -1,4-glycosidic bonds; (ii) hemicellulose, a series of heteropolysaccharides that includes glucans, mannans, arabinans, and xylans; and (iii) lignin, a complex polyphenol. 1) Among them, xylan is composed of -1,4-linked xylopyranosyl units which carry side groups such as acetyl-, arabinofuranosyl-, and glucuronylgroups.
2)
The complete breakdown of a branched xylan requires the action of several hydrolytic enzymes, i.e., endo-1,4--xylanase (xylanase), which attacks the polysaccharide backbone, -xylosidase, which hydrolyzes xylooligosaccahrides to D-xylose, and a series of enzymes which cleave side-chain groups. [2] [3] [4] -Xylosidases (-D-xyloside xylohydrolase: EC 3. 2. 1. 37) are currently classified into families 3, 39, 43, 52, and 54 of the glycoside hydrolases, based on their amino acid sequence similarities. 5, 6) These enzymes are either intracellular or extracellular components and contributes to xylan degradation. Monomeric, dimeric, and tetrameric xylosidases have been found with molecular weights of 26,000 to 360,000. 7) Nowadays, the use ofxylosidase in fermentation of xylose or xylose-containing hydrolyzate for ethanol production or bioconversion into xylitol has been focused on. 8, 9) Clostridium stercorarium is a thermophilic anaerobic bacterium 10) capable of fermenting various kinds of polysaccharides such as xylan and recognized as a good source of thermophilic glycoside hydrolases and their genes. Indeed, so far, several genes encoding xylanase and -xylosidase have been cloned and characterized along with their gene products, i.e., xylanase genes xynA, 11) xynB 12) and xynC, 13) and -xylosidase genes xylA, 14) bxlA and bxlB. 15) In our previous studies, we found seven recombinant plasmids conferring -xylosidase activity on Escherichia coli in the genomic library of C. stercorarium and we specified one of thexylanase genes carried by these plasmids as xylA.
14)
Comparison of restriction maps of the inserted DNA fragments of the recombinant plasmids with those deduced from DNA sequences of the C. stercorarium -xylosidase genes reported so far suggested that one of the recombinant plasmids, pYK306, encoded a novelxylosidase gene.
In this paper, we describe the sequence of the C. stercorarium xyl43B gene encoding -xylosidase of family 43 of glycoside hydrolases, and purification and characterization of Xyl43B produced by a recombinant E. coli.
Materials and Methods
Bacterial strains and plasmids. E. coli JM109 {endA1 recA1 gyrA96 thi hsdR17
) and E. coli DH5 (supE44Á lacU169 (80 lacZM15) hsdR17 recA endA1 gyrA96 thi-1 relA1) 16) were used as the cloning hosts and E. coli strain BL21 (DE3) Codon Plus was used as the host for a derivative of pET-28a. Plasmid pYK306 is a derivative of pBR322 that contains a 8.0-kb Sau3AI fragment carrying the xyl43B gene of y To whom correspondence should be addressed. Tel: +81-59-231-9621; Fax: +81-59-231-9684; E-mail: sakka@bio.mie-u.ac.jp Abbreviations: PAGE, polyacrylamide gel electrophoresis; PCR, polymerase chain reaction; PNPX, p-nitrophenyl -D-xylopyranoside C. stercorarium strain F-9.
17) Plasmid pET-28a was purchased from Novagen (Madison, Wis.).
Analysis of DNA sequence. Sequencing of the 8.0-kb inserted DNA fragment in pKS306 was done by Shimadzu Biotech (Kyoto, Japan). The nucleotide data was analyzed with the GENETYX-MAC computer software (Software Development Co., Ltd., Tokyo, Japan). Homology searches in DDBJ were done with the Blast program.
Plasmid construction and purification of Xyl43B. For production of Xyl43B in E. coli, the Xyl43B-encoding region was subcloned into pET-28a as follows. The fulllength of the xyl43B gene was amplified from pYK306 as the template by PCR using a combination of two synthetic oligonucleotide primers, a forward primer containing an artificial BamHI recognition sequence, 5 0 -CCGGGATCCATGCAGCCTGACAACAAAC-3 0 , and a reverse primer containing an artificial SalI recognition sequence, 5
0 -CCGGTCGACTTATTCAAATTCATAT-CTG-3 0 , and the KOD Dash DNA polymerase (Toyobo, Osaka, Japan). The PCR product was subcloned into the pT7Blue T vector (Novagen). After checking PCR fidelity by DNA sequencing, the inserted DNA was recovered from the BamHI and SalI digest of the recombinant plasmid, and ligated into pET-28a, yielding pET-Xyl43B. This plasmid provides the recombinantxylosidase containing a six-His tag at its N terminus.
E. coli BL21 (DE3) Codon Plus harboring pETXyl43B was grown on a rotary shaker overnight at 37 C in 1 liter of LB medium containing kanamycin (50 g/ ml) and 1 mM isopropyl--D-thiogalactopyranoside. The cells were harvested by centrifugation, resuspended in 10 mM imidazole, and disrupted by sonication. After removal of cell debris by centrifugation, the cell-free extracts were put onto a HiTrap Chelating HP column (1 ml; Amersham Pharmacia Biotech) and the Histagged protein was recovered according to the supplier's protocol. Active fractions were collected, desalted by dialysis, and put onto a Resource Q column (1 ml; Amersham Pharmacia Biotech) equilibrated with 20 mM Tris-HCl buffer (pH 8.0). Adsorbed proteins were eluted with a linear gradient of NaCl (0-0.5 M). Active fractions were collected, desalted, and put onto a Resource Phenyl column (1 ml; Amersham Pharmacia Biotech) equilibrated with 50 mM Tris-HCl (pH 8.0) containing 1 M (NH 4 ) 2 SO 4 . Adsorbed proteins were eluted with a negative gradient of (NH 4 ) 2 SO 4 (1-0 M), and active fractions were combined and desalted. The purified Xyl43B was used for general characterization of enzyme properties.
Protein Assay. The protein concentration was measured with a Micro BCA Protein Assay Kit (Pierce Chemical Co., Rockford, Ill.) with bovine serum albumin as the standard.
SDS-PAGE.
The purity of Xyl43B in each purification step was measured by SDS-polyacrylamide gel electrophoresis (PAGE) using a 15% gel as described by Laemmli. 18) Proteins were made visible by staining with Coomassie brilliant blue G-250. The molecular mass was measured with a low molecular weight marker kit (Amersham Pharmacia Biotech) as the standard.
Enzyme assays. -Xylosidase activity was measured with p-nitrophenyl -D-xylopyranoside (PNPX) in 50 mM sodium citrate buffer (pH 4.5) by incubating the reaction mixture at 60 C for 15 min. The amount of p-nitrophenol released from the substrate was found by measuring the absorbance at 405 nm. One unit ofxylosidase activity was defined as the amount of enzyme releasing 1 mol p-nitrophenol per min from the substrate. Enzyme activities were also measured on oatspelt xylan (Fluka Ag, Buchs, Switzerland) and birchwood xylan (Sigma Chemical Co., Mis.) by incubation at 60 C for 15 min in 50 mM sodium citrate buffer (pH 4.5) containing one substrate per test. The amount of reducing sugars from each substrate was measured with the dinitrophthalic acid reagent as described previously. 17) One unit (U) of enzyme activity for these substrates was defined as the amount of enzyme that produced 1 mol of reducing sugars using xylose as the standard per min. The optimum temperature was found by measuring the enzyme activity with PNPX at various temperatures in sodium citrate buffer (pH 4.5). The optimum pH was measured by incubating the assay mixtures with different pHs (pH 2.5-12.0) in Britton and Robinson's universal buffer (80 mM phosphoric acid, 80 mM boric acid, 80 mM; pH was adjusted with 1 M NaOH) for 15 min at 60 C. Thermostability and pH stability of the purified enzyme were measured by incubating the enzyme solution at various temperatures (50 to 90 C) for 10 min in sodium citrate buffer (pH 4.5) or incubating the enzyme solution in Britton and Robinson's buffer (pH 2.5-10.0) overnight at 4 C, followed by the measurement of the residual enzyme activities under the standard conditions. The K m and V max values were found by assaying the initial rates of the reaction at 60 C in various concentrations of PNPX.
Nucleotide sequence accession number. The nucleotide sequence reported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases with the accession number AB106866.
Results and Discussion
Nucleotide sequence of the xyl43B gene and its flanking regions
Previously, we obtained seven recombinant plasmids expressing C. stercorarium -xylosidases 14, 17) and selected plasmid pYK306 out of them for this study since comparison of the restriction map of the inserted DNA fragments of pYK306 with those deduced from DNA sequences of the C. stercorarium -xylosidase genes reported so far suggested that pYK306 encoded a novel -xylosidase gene.
Plasmid pYK306 contained a ca. 8.0-kb DNA fragment derived from the C. stercorarium genomic DNA and the whole region of the insert was sequenced. Analysis of the DNA sequence obtained identified 4 possible open reading frames (ORFs) including axylosidase gene, as shown in Fig. 1, i. e., the 8.0-kb inserted DNA fragment contained a xylosidase gene (xyl43B), two other complete ORFs, ORF1 and ORF2, and two incomplete ORFs, ORF3 and ORF4. Amino acid sequences deduced from ORF1, ORF2, ORF3, and ORF4 are homologous with a ribonucleotide reductase of Ralstonia eutropha (DDBJ accession no. AJ012479), an ion-sulfur binding subunit protein of Archaeoglobus fulgidus (AE001066), a heterosulfide reductase of Methanothermobacter thermautotrophicus (X81134), and a transporter protein of Bacillus subtilis (AF008220), respectively. Figure 2 shows the complete nucleotide sequence of the xyl43B structural gene along with its flanking regions. The ORF of xyl43B, starting at nucleotide position 212 and ending at position 1,702, consists of 1,491 nucleotides encoding a protein of 497 amino acids with a predicted molecular weight of 56,355. The putative initiation codon ATG was preceded at 6 bp upstream by a potential ribosome-binding sequence (5 0 -AGGAGG-3 0 ) that is homologous to the consensus Shine-Dalgarno sequence.19) The sequences TTGTAT and TATAAT, with a 15-bp spacing, showing certain homology to the consensus promoter sequences of À35 and À10 regions for E. coli 70 factor, TTGACA and TATAAT with a 17-bp spacing, respectively, were identified upstream of the coding region.
20)

Amino acid sequence of Xyl43B
The deduced protein sequence of Xyl43B did not contain a typical signal peptide sequence conserved in bacterial extracellular proteins, 21) suggesting that Xyn43B is an intracellular enzyme. The deduced protein sequence of Xyl43B was compared with entries in the DDBJ database. The full-length Xyl43B showed sequence homology with enzymes classified into family 43 of glycosyl hydrolases such as Bacteriodes thetaiotaomicron (57% sequence identity, DDBJ accession number AE016937), Prevotella ruminicola (45%, AB022865), Streptomyces coelicolor (40%; The putative promoter and SD sequences are underlined. Three possible candidates for catalytic residues are double-underlined. Regions corresponding to PCR primers used for amplification of xyl43B are double-underlined. AL939110), and Clostridium acetobutylicum (36%; AE001438). Amino acid sequences of these family 43 enzymes are aligned in Fig. 3 . The restricted region (amino acid positions 118 to 491) of Xyl43B showed 44% identity with C. stercorarium -arabinofuranosidase ArfA, 15) suggesting that the N-terminal region (about 100 amino acid residues) of Xyl43B is another functional domain. Xyl43B has no identity with XylA, 14) the first -xylosidase of family 43 from the same bacterium. In general, catalytic residues, a nucleophile and a proton donor, of glycoside hydrolases, are conserved as Glu or Asp in glycoside hydrolases.
Comparison of more than 20 amino acid sequences of family 43 glycoside hydrolases identified three amino acid residues as possible candidates for catalytic residues, i.e., Asp-142, Asp-148, and Glu-191 in C. stercorarium Xyl43B (Fig. 3) .
Purification and characterization of Xyl43B
To facilitate the purification of the recombinant enzyme, Xyl43B was expressed as a fusion protein containing a six His tag at its N terminus. Xyl43B was purified 13.5-fold from the cell-free extract of E. coli BL21 (DE3) Codon Plus harboring pET-Xyl43B with a recovery of 48% by HiTrap Chelating HP, Resource Q, and Resource Phenyl column chromatographies. The final preparation gave a single band on SDS-PAGE and the apparent molecular mass was about 55,000 (Fig. 4) . Xylosidases are from C. stercorarium (Cs), B. thetaiotaomicron (Bt; AE016937), P. ruminicola (Pr; AB022865), S. coelicolor (Sc; AL939110), and C. acetobutylicum (Ca; AE001483). Amino acids that are conserved in three of the five sequences are highlighted. -, gap left to improve alignment. Numbers refer to amino acid residues at the start of the respective line; all sequences are numbered from Met-1 of the peptide. Asp or Glu residues that may be involved in general acid-base catalysis are marked with #. When the enzyme activity was assayed with PNPX by 15-min incubation at 60 C in Britton and Robinson's universal buffer solutions at various pHs, the optimum pH for activity was found to be 3.5 (Fig. 5) . The enzyme retained less than 20% of the highest activity at pH 5.0 and higher. The enzyme was stable in the range of pH 3 to 8 when incubated in the same buffer solution without the substrate at various pHs at 4 C for 24 h. The enzyme was optimally active at 80 C and stable under heat treatment at 50 to 70 C for 15 minutes in 50 mM sodium citrate buffer (pH 4.5). The acidophilic property of Xyl43B is quite different from other bacterialxylosidase reported so far. The optimum pHs of bacterial -xylosidases are usually close to pH 7.0, whereas fungal enzymes are active under more acidic conditions, less than pH 5.0. [22] [23] [24] The optimum pH of Xyl43B is in an acidic pH range and this enzyme is only slightly active at neutral pHs, in which C. stercorarium grows well. Therefore, physiological function of Xyl43B in C. stercorarium is not clear at present and this enzyme may prefer some other substrate to the substrates tested in this study.
The purified Xyl43B hydrolyzed PNPX but not other p-nitrophenyl (PNP) derivatives tested, i.e., PNP--Larabinofuranoside, PNP--L-arabinopyranoside, and PNP--D-xyloside. Specific activity of the purified enzyme was 10 U/mg toward PNPX. Xyl43B was also active toward highly polymerized substrates such as oatspelt xylan (0.1 U/mg) and birchwood xylan (0.05 U/ mg), i.e., the activity of this enzyme toward highly polymerized substrate was low as compared with PNPX. With respect to -xylosidase activity, at least three different types of enzymes are known. The first type has hydrolytic activity toward only PNPX, like the BxlA 15) from C. stercorarium, the second one has enzyme activity toward PNPX and other synthetic substrates such as PNP--L-arabinofuranoside or PNP--D-glucoside, e.g., the xylanases from Butyrivibrio fibrisolvens (XylB) 25) and C. stercorarium (XylA, 14) BxlB and ArfA 15) ) are active on PNPX and PNP--L-arabinofuranoside, and the xylosidase from Chaetomium trilaterales, 26) which was characterized as a -glucosidase, hydrolyze PNPX and PNP--D-glucoside efficiently. The third one, like the enzyme from C. stercorarium XynB, 12) has strong xylanase activity in addition toxylosidase activity and these enzymes are usually classified as xylanases. Although C. stercorarium Xyl43B is active on PNPX and xylan, this enzyme seems to different from the enzymes of the third type such as C. stercorarium XynB in the level of xylanase activity, e.g., xylanase activity of Xyl43B (0.1 U/mg) is much smaller than that of XynB (about 4000 U/mg). 12) The Michaelis constant (K m ) and maximum velocity (V max ) toward PNPX were found from a LineweaverBurk plot. The initial rates of the reaction were measured at 60 C at pH 4.5 in various concentration C after being incubated for 10 min at the indicated temperatures followed by chilling on ice. In conclusion, Xyl43B is the second family-43 -xylosidase of C. stercorarium, which is active toward PNPX and xylan but slightly. More detailed investigations on this enzyme are interesting, e.g., identification of catalytic residues.
